ABSTRACT
N
euroimaging plays a central role in the evaluation of patients with acute ischemic stroke (AIS). With improved technology during the last decade, imaging now provides information beyond the mere presence or absence of intracranial hemorrhage. Multimodal cerebrovascular CT and MR can now provide information about tissue viability, site of occlusion, and collateral status. The success of CT in the initial evaluation of AIS is due, in part, to fast acquisition time, widespread availability, and ease of interpretation in the emergency department setting.
MR imaging has been demonstrated to be more sensitive for the detection of acute ischemia and more specific for delineation of infarction core volume compared with CT.
1,2 However, because of longer acquisition time and limited availability, it has been mainly used in large institutions and comprehensive stroke centers. With recent advances in MR technology, a comprehensive MR protocol including parenchymal imaging (DWI, gradient recalled-echo [GRE] , FLAIR), MRA, and MR perfusion can now be adequately obtained in 20 minutes as demonstrated in several clinical trials. [3] [4] [5] [6] [7] In a likewise fashion, the introduction of multisection technology has dramatically increased the speed and simplicity of CT techniques and has set a high standard for alternative imaging techniques. A comprehensive CT stroke algorithm including parenchymal imaging (noncontrast head CT), CTA, and perfusion/penumbral imaging by CT perfusion can now be ac-quired and processed in a comparable period. 8, 9 If MR imaging is to compete with CT for evaluation of acute stroke, there is need for further improvements in acquisition speed. FLAIR imaging as a part of an acute MR stroke protocol has several advantages including detection of subtle cerebral subarachnoid hemorrhage; added diagnostic value to GRE images for the detection of intra-arterial clot [10] [11] [12] ; and, most important, helping to determine the age of infarction in patients with both known and unknown time of onset of neurologic deficit (wake-up stroke). 13 The latter advantage has a major impact on the treatment planning because FLAIR hyperintensity is usually indicative of a completed stroke, thereby excluding these patients from most therapeutic interventions. 14, 15 Introduction of fast imaging techniques such as parallel acquisition 16 and EPI 17, 18 has significantly enhanced the performance of MR imaging in acquisition speed. The main advantage of EPI, as in the case of DWI, is rapid acquisition time, which is made possible by rapid gradient switching, which allows the acquisition of all frequency and phase-encoding steps during a single pulse cycle. The addition of parallel imaging can further enhance the acquisition speed and may also serve to mitigate the geometric distortion and susceptibility artifacts commonly associated with long echo-train sequences such as EPI. 19, 20 If their potential is realized, the application of EPI and parallel imaging techniques to the FLAIR sequence can result in a reduction of image acquisition time of the entire brain to less than a minute, a 3-fold reduction in scan time compared with conventional FLAIR imaging. The purpose of this study was to evaluate the feasibility of implementing an EPI-FLAIR sequence into an acute MR stroke protocol with its potential reduction in scan time, and to compare the result with conventional FLAIR imaging.
MATERIALS AND METHODS
This prospective study was conducted between May and September 2012. All examinations were performed in accordance with institutional review board guidelines with an approved study protocol. Our inclusion criteria included 1) patients with clinical suspicion of AIS who presented within the first 24 hours from the onset of neurologic deficits, and 2) acquisition of MR imaging as the initial imaging study. Exclusion criteria included ferromagnetic or MR incompatible implants, glomerular filtration rate Ͻ 30 mL/min/1.73 m 2 , and severe claustrophobia. The baseline NIHSS scores and median time from stroke onset to MR imaging were documented for each patient when available.
Image Acquisition
All patients were studied on a 1.5T MR system (Avanto; Siemens, Erlangen, Germany 
Image Analysis
Conventional FLAIR and EPI-FLAIR images were reviewed independently by 2 experienced neuroradiologists and in separate reading sessions. The observers were able to adjust image contrast and size. A 4-scale imaging score was used to evaluate the image quality with respect to susceptibility-mediated distortion at tissue interfaces, noise, and motion: 1) poor image quality, not interpretable; 2) impaired image quality with significant distortion and noise, limiting delineation of major structures; 3) good image quality with minimal distortion, diagnostic image quality; and 4) excellent image quality with delineation of all structures. In addition to image quality, the observers were asked to correlate the FLAIR and EPI-FLAIR images with DWI-ADC maps, determine the presence of hyperintense signal corresponding to the area of restricted diffusion, and categorize the image pairs as concordant or discordant. This comparison was performed during different reading sessions for both conventional FLAIR and EPI-FLAIR, to avoid recall bias. The observers were also asked to localize the FLAIR/EPI-FLAIR lesions to 3 anatomic regions: 1) supratentorial, 2) infratentorial, or 3) both. Finally, and again in a different reading session, any discrepancy between readers for lesion location or FLAIR/EPI-FLAIR DWI correlation was resolved by consensus agreement. These scores were then used to perform comparative analysis between conventional FLAIR and EPI-FLAIR.
DWI, FLAIR, and EPI-FLAIR images for each patient were coregistered by a commercially available FDA-approved software (Olea Sphere; Olea Medical SAS, La Ciotat, France) by use of a 12 degrees-of-freedom transformation and a mutual information cost function. This was followed by visual inspection to ensure adequate alignment. The segmentation was performed by a single neuroradiologist. The ROIs were placed over the region of infarction (DWIϩ) in 1 section to extract the corresponding FLAIR and EPI-FLAIR signal intensity values. ROIs were then mirrored onto the contralateral hemisphere, and the SIR values with respect to contralateral, normal-appearing white matter were calculated by use of the mean SI values. Manual restriction of the ROIs was applied when necessary to avoid regions with prior infarction or chronic microvascular ischemic changes.
In patients who did not have a DWI abnormality, a 1-cm ROI was placed in the centrum semiovale and automatically mirrored onto the contralateral hemisphere to calculate the SIR.
The volume of lesions on FLAIR and EPI-FLAIR studies was calculated by use of Olea Sphere software. ROIs were created on the basis of the signal intensity subsuming the entire region of hyperintensity, and the volume and standard deviation (SD) was calculated. The range included was the interval of pixel values to include the central value of the initial seed-voxel. Manual restriction of the ROIs was applied when necessary. The largest lesion in a single section was selected for the volume measurement. For patients with multiple or embolic infarction, the largest lesion was selected for volume analysis.
Finally, the patients with acute infarction were categorized in 2 groups based on time from onset to MR imaging of Ն4.5 hours as the cutoff value for thrombolysis. The mean Ϯ SD of the SIR values on EPI-FLAIR and FLAIR correlated in these 2 groups.
Statistical Analysis
Statistical analysis was performed by use of MedCalc Version 12.2.1 (MedCalc Software, Mariakerke, Belgium).The Wilcoxon signed rank test was used to compare the mean ratings of FLAIR and EPI-FLAIR. A weighted test with a calculation of 95% CI was used to evaluate the interobserver and intermodality agreement. The Spearman correlation coefficient was calculated for the comparative analysis of DWI with FLAIR/EPI-FLAIR. The quantitative SIR values between FLAIR and EPI-FLAIR were tested with a t test and a correlation coefficient (r). The significance level was defined as P Ͻ .05 (2-sided).
RESULTS
A total of 52 consecutive patients (28 men and 24 women; age range, 32-96 years) met our inclusion criteria. The median and interquartile ranges of the baseline NIHSS scores were 11 and 10.75, respectively. The median and interquartile ranges of the time from presentation to MR imaging was 6 and 7.5 hours, respectively, in 34 of 38 patients with acute ischemic infarction. In 4 patients with acute infarction, the time from the onset of symptoms was unknown.
Two studies (4%) were deemed nondiagnostic and were excluded from the study, one because of susceptibility artifacts caused by dental braces and the other because of significant motion artifacts. In 50 (96%) of 52 studies, FLAIR and EPI-FLAIR studies were rated of diagnostic image quality (image quality Ն3) by both observers. The median and ranges of image quality scores were 4 and 3-4, respectively, for FLAIR by both observers, with no statistically significant difference (P ϭ .54) and with an interobserver agreement of ϭ 0.82; 95% CI, 0.67-0.90. The median and ranges of image quality scores were 3 and 3-4, respectively, for EPI-FLAIR by both observers with no statistically significant difference (P ϭ .4) and an interobserver agreement of ϭ 0.63 (95% CI, 0.37-0.80). Twelve patients did not have restricted diffusion on DWI; therefore, results were negative on both FLAIR and EPI-FLAIR with complete concordance. There were 38 patients who had acute infarction (ϩDWI lesion). The infarctions were supratentorial in 32 patients, infratentorial in 2 patients, and both supratentorial and infratentorial in 4 patients. In 36 (95%) of 38 patients with acute infarction, FLAIR and EPI-FLAIR concurred and demonstrated good correlation: r ϭ 0.88; 95% CI, 0.80 -0.93 (Table 1). In 26 patients in whom both FLAIR and EPI-FLAIR were positively concordant with DWI (Fig 1) , the time from onset to MR imaging ranged from 2.5-18 hours. In 10 patients for whom both FLAIR and EPI-FLAIR were negatively concordant with DWI hyperintensity, the time from presentation to MR imaging ranged from 50 minutes to 3 hours. In only 2 patients (5%), EPI-FLAIR was discordant with FLAIR and was unable to show subtle FLAIR hyperintensity corresponding to a DWI lesion. In 1 case, there was a punctate small thalamic infarction. The other discordant case was a hyperacute ischemic infarction in a patient who 2 ) (A), FLAIR (9000/88/2500) (B), and EPI-FLAIR (10,000/106/2500) (C) images obtained 4.5 hours after the onset of symptoms. Watershed infarctions are noted along the right cerebral hemisphere deep white matter zones. Note the comparable image quality between FLAIR and EPI-FLAIR, both demonstrating increased signal intensity in the region of DWI abnormality, indicative of completed infarctions. Acquisition time for FLAIR was 3 minutes; for EPI-FLAIR, it was 52 seconds. Table 2 . In 12 patients with no infarction, the mean SIR values were 1.02 for both FLAIR and EPI-FLAIR (P ϭ .2). The overall mean Ϯ SD of the SIR values on EPI-FLAIR and FLAIR for DWI-positive lesions were 1.28 Ϯ 0.16 and 1.25 Ϯ 0.17, respectively (P ϭ .47).
The mean (1.33) of EPI-FLAIR SIR values for patients who presented Ͼ 4.5 hours from the onset was statistically higher (t value, 7.959; P Ͻ .0001) than for those who presented Ͻ 4.5 hours from the onset (1.10). In a similar fashion, the mean (1.36) of FLAIR SIR values for patients who presented Ͼ 4.5 hours from the onset was statistically higher (t value, 7.491; P Ͻ .0001) than for those who presented Ͻ 4.5 hours (1.14).
There was significant correlation for the SIR values between FLAIR and EPI-FLAIR (r ϭ 0.899; z value ϭ 8.677; P Ͻ .0001). Fig 3 shows the scatterplots and Bland-Altman plots of the SIR between FLAIR and EPI-FLAIR. In 2 discordant cases, despite visual discordancy between FLAIR and EPI-FLAIR for the detection of hyperintensity corresponding to a DWI lesion, the SIR values were comparable (Table 2 ). In 4 patients with an unknown time of presentation, the FLAIR and EPI-FLAIR values were concordant, with SIR values Ͼ 1.3 in 3 patients and SIR Ͻ 1.3 in 1 patient.
DISCUSSION
There are 2 different schools of thought on neuroimaging for AIS. Although CT is the most widely available method and is a faster imaging technique, some larger institutions and many comprehensive stroke centers favor streamlined MR protocols compared with CT in the acute stroke setting because of the higher specificity and superior tissue characterization afforded by MR imaging.
Our results demonstrate that the described EPI-FLAIR sequence is feasible for use in the acute stroke setting, with comparable qualitative and quantitative results to a conventional FLAIR sequence, and has the potential for saving valuable acquisition time in patients with AIS. For such patients within the therapeutic time window, it has been estimated that for every minute during which ischemic stroke is left untreated, approximately 1.9 million neurons are lost. 21 Therefore, an interest prevails in enhancing image acquisition and postprocessing speed for both CT-and MR-based imaging protocols, with the goal of identifying the optimal balance between the concepts of "time is brain" and "imaging is brain." 22, 23 The MR imaging treatment scheme for AIS at our institution includes a rapid imaging plan including DWI, GRE, and FLAIR.
FIG 2.
A 60-year-old man with sudden-onset left-sided weakness after an aneurysm coil was placed for a proximal supraclinoid ICA aneurysm. Axial DWI (4500/90, b ϭ 1000 s/mm 2 ) (A), FLAIR (9000/88/2500) (B), and EPI-FLAIR (10,000/106/2500) (C) obtained approximately 60 minutes after onset of symptoms. Acute infarction along the right MCA territory is noted. The signal intensity ratio of the lesion to the contralateral hemisphere was elevated and measured 1.19 for FLAIR and 1.15 for EPI-FLAIR. Qualitatively, however, very subtle increased hyperintensity corresponding to the region of DWI abnormality is evident on FLAIR but is not clearly seen on EPI-FLAIR. Note the susceptibility artifacts related to the dislodged coil in the MCA bifurcation, which is more pronounced on EPI-FLAIR (arrow) and likely contributed to field inhomogeneity and may have explained the qualitative discrepancy with FLAIR. Note the hyperintense vessel sign (arrowheads) on both FLAIR and EPI-FLAIR caused by sluggish flow or clot in the sylvian MCA branches. The images are then reviewed by neuroradiologists and neurologists on-line. On the basis of clinical deficits and imaging findings, a decision is made to give or withhold thrombolysis by IV tPA. It should be noted that saving 2 minutes of acquisition time is a step forward in improved total MR image time. This is particularly relevant because the time reduction occurs before the thrombolysis decision point in our imaging treatment scheme. In general, magnetic field inhomogeneity and susceptibility artifacts are problematic for imaging sequences such as EPI, because of long acquisition intervals and long echo trains. 17 As a consequence, prior reports on the use of EPI-FLAIR sequences to evaluate intracranial processes such as brain tumors 24, 25 and stroke 26 have produced mixed results, with susceptibility artifacts being a major limiting factor. We postulate that the improved image quality of our EPI-FLAIR technique can be partly explained by the integration of parallel imaging and its complementary effects with EPI.
Parallel imaging results in faster acquisition speed and also helps to mitigate the distortion and susceptibility artifacts associated with the EPI technique. 19, 20 Integration of parallel imaging with the EPI sequence and undersampling of k-space can result in shortening of the echo-train length and an increase in blip gradients. Accordingly, the pixel bandwidth in the phase-encoding direction increases, which leads to a reduction in susceptibility artifacts. In addition, the shortened echo train provides the opportunity to reduce the echo time and hence the T2 decay, which in turn can lead to a significant SNR gain, offsetting the SNR penalty incurred by use of the parallel imaging technique. In this study, the complementary effects of integration of parallel imaging with EPI has resulted in a FLAIR sequence with diagnostic image quality that avoids the potential EPI-related susceptibility artifacts, when compared with conventional FLAIR.
The main clinical use of FLAIR imaging in the setting of acute stroke is to identify acute ischemic infarcts within the thrombolytic time window. Use of only time from symptom onset can result in exclusion of potentially treatable ischemic stroke cases when the time of onset is uncertain, such as patients with symptoms first noted on awakening, or those with unwitnessed onset, who are unable to provide an accurate history. As a rule, the prevalence of lesion visibility on FLAIR increases as time passes from the stroke onset. Recent reports have demonstrated that approximately 27%-50% of patients with stroke have positive FLAIR findings within 3 hours and 93% at Ͼ 6 hours, [13] [14] 27 indicating the development of cytotoxic edema, and corresponding to completed tissue infarction. Although our study goals did not include the aging of infarcts, we found that the described EPI-FLAIR sequence is comparable to conventional FLAIR in the detection of FLAIR hyperintensity corresponding to DWI abnormality, agreeing with conventional FLAIR in 92% of patients with AIS.
It is more important to note that our results indicate that the SIR values of the EPI-FLAIR technique are concordant with FLAIR in patients with time of onset to MR imaging of Ͻ 4.5 hours, an important timeline for IV thrombolysis treatment planning. Our values are concordant with the results of a recently published clinical trial by Song et al. 28 In 2 cases, EPI-FLAIR was unable to show subtle FLAIR hyperintensity corresponding to the area of infarction. However, the SIR values of these lesions were comparable ( Table 2) . In 1 case, the infarction was too small. The other discrepant case was a hyperacute infarction that occurred approximately 1 hour after aneurysm coil placement and consequently had very subtle FLAIR hyperintensity (Fig 2) . In addition, the aneurysm coil mass in the MCA bifurcation near the vicinity of the infarction probably resulted in added susceptibility artifacts and may have caused incomplete water suppression, hence reduced lesion to background contrast ratio and a decrease in sensitivity of EPI-FLAIR. It is important to note that the SIR values of these lesions were comparable on both FLAIR and EPI-FLAIR ( Table 2 ), suggesting that the detection of a hyperintense signal may be a null point for practical purposes if the SIR values are comparable.
This study had several limitations. The first was a relatively small sample size possibly introducing a size selection bias. The second limitation was the inherent susceptibility artifacts associated with EPI techniques. Although susceptibility artifacts were mitigated by integration of parallel imaging and did not affect the diagnostic image quality of our study, we anticipate that this could be more problematic at higher magnetic fields such as 3T, especially at tissue interfaces and near the skull base. Third, we noted that the EPI-FLAIR sequence exhibits a reduced white-gray matter contrast ratio, likely caused by incomplete, or inhomogeneous, water suppression. This could diminish the conspicuity of the EPI-FLAIR sequence to small white matter abnormalities, a possibility not specifically addressed in our study. Larger clinical studies will likely be needed to more fully determine the clinical usefulness of the described EPI-FLAIR technique in a broader setting.
CONCLUSIONS
The described EPI-FLAIR technique is feasible, with comparable qualitative and quantitative results to conventional FLAIR images for evaluation of patients with AIS. EPI-FLAIR can be implemented in the acute stroke MR protocol, resulting in a valuable reduction in scan time.
